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This paper presents design and optimization of a new ‘star-like’ texture shape with an aim to improve the tribological performance. Initial
studies showed that the triangle effect is the most dominant in reducing the friction. Motivated with the triangle effect, a ‘star-like’ texture shape
consisting of a series of triangular spikes around the centre of the texture is proposed. It is hypothesized that by increasing the triangular effect on
a texture shape, the converging micro-wedge effect is expected to increase, hence increasing the ﬁlm pressure and reducing the friction. Using the
well-known Reynolds equation, numerical modelling of surface texturing is implemented via ﬁnite difference method. Simulation results showed
that the number of apex points of the new ‘star-like’ texture has a signiﬁcant effect on the ﬁlm pressure and the friction coefﬁcient. A 6-pointed
texture at a texture density of 0.4 is shown to be the optimum shape. The new optimum star-like texture reduces the friction coefﬁcient by 80%,
64.39%, 19.32% and 16.14%, as compared to ellipse, chevron, triangle and circle, respectively. This indicates the potential beneﬁt of the
proposed new shape in further enhancing the hydrodynamic lubrication performance of slider bearing contacts.
& 2016 Southwest Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Surface texturing has proved as a means to improve
tribological performance of two bearing slider surfaces. By
creating additional micro-hydrodynamic pressure effect and
entrapping worn particles into the micro-dimples, the friction
and wear between the underlying surfaces are signiﬁcantly
reduced. Typical applications of surface texturing are mechan-
ical seals, piston-cylinder couples, and artiﬁcial implants. Over
the decades, the underlying mechanism and the effect of
surface texturing have been studied theoretically, numerically
and experimentally. For instance, numerical model with
Reynolds and Navier–Stokes equations with Swift–Steiber
cavitation boundary condition is often considered to study10.1016/j.bsbt.2016.05.002
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[1–3]. Extensive studies showed that Reynolds-based numer-
ical modelling approaches still show great importance and
beneﬁts because they offer simpler formulations, allowing
faster and computationally effective implementations while
providing reasonable accuracy for most of the scenarios, e.g.
[4]. The beneﬁt and performance were validated via experi-
mental tests on actual bearing surfaces. This was further
facilitated by accurate fabrication of textures of any shape
and geometry on the component surfaces by currently avail-
able texturing techniques, e.g. laser texturing. In the past,
enormous research has been put forward to understand and
evaluate the effect of different surface texture shapes, e.g.
circle, ellipse, triangle and chevron, on their beneﬁcial effects.
With the choice of appropriate geometric dimension and
environmental conditions, these basic texture shapes are shown
to exhibit an improved lubrication characteristic as opposed to
non-textured surface. However, they may not be the optimumvier B.V. This is an open access article under the CC BY-NC-ND license
Nomenclature
Symbol Deﬁnition
(x,y,z) cartesian Coordinates
Pa non-dimensional average ﬁlm thickness
f non-dimensional average ﬁlm pressure
m ﬂuid viscosity
G inner and outer isosceles triangle ratio for chevron
h local ﬁlm thickness
ho minimum ﬁlm thickness
heq equivalent ﬁlm thickness
hT maximum texture depth
Po ambient pressure
Pc cavitation pressure
Pi initial applied pressure
r1 half unit cell length
rp characteristic radius of texture
Sp texture density
U sliding speed
ℶ over relaxation factor
γ orientation angle from centroid from x-direction
θ apex angle
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applications. Therefore, a new design of geometric texture
shape is sought, which will outperform the basic shapes.
The effect of surface texturing on improving the tribological
performance can depend on shape, density, depth and pattern
of dimples [5]. Operating conditions such as speed, load and
lubrication regimes can also play an important role [6]. To
achieve maximum tribological performance, optimization of
basic texture shapes is often performed based on the geome-
trical characteristics. The optimization is often done through
trial and error, and apparently there is no uniform approach.
Different researchers reported different optimum texture geo-
metries, indicating that there are still some gaps in under-
standing the effect of surface texturing [7]. For instance, Yan
et al. [8] suggested that the dimple area density was the most
important geometrical parameter, followed by the dimple depth
and the dimple diameter. However, they indicated that the
hierarchy of parameters may vary slightly under different
loading conditions. In a tribological study on piston ring/
cylinder liner contact, Rahmani et al. [9] investigated and
optimized negative and positive type texture with different
shapes in hydrodynamic lubrication. They concluded that the
increase of textures on the bearing surface is beneﬁcial and
reiterated the similar observations of Yan et al. [8]. They
further reported that, for both negative and positive types of all
the textures studied, rectangular shapes are found to perform
the best. By using an analytical model and evolutionary
optimization algorithm, similar conclusions were drawn by
other researchers, e.g. [10], in which, only three types of
textures – rectangular, triangular and rectangular-triangular,
were optimized by minimizing the friction and maximizing the
load carrying capacity.
Morris et al. [11] performed combined numerical and
experimental investigation of micro-hydrodynamics on
chevron-based textured patterns, and remarked that while a
textured surface is able to reduce the friction, the potential
beneﬁcial effect by the optimized texture geometry and pattern
is more dependent on the application scenarios of slider
bearings and the operating conditions. They further conﬁrmed
the accuracy of numerical modelling with Reynolds-based
equation by comparing with results obtained from experi-
ments. Yu et al. [12] studied the effect of the orientation ofthree texture shapes on the load-bearing capacity in a hydro-
dynamic lubrication bearing, and found that the texture
orientation with respect to the sliding direction has a sig-
niﬁcant inﬂuence on the load bearing capacity. As compared to
the circle and the triangle, the ellipse shape orientated
perpendicular to the sliding direction is found to achieve the
highest load bearing capacity. Similar improvement in terms in
maximizing the gas lubricated load bearing capacity for the
ellipse shape texture was reported by Qiu et al. [13] while the
similar orientation effect for micro-grooved surface patterns
was observed by Yuan et al. [14]. It is however to be noted that
the results are valid for sliding contacts with compressible ﬂuid
medium.
Kim et al. [15] created and studied a square array of circular
microdimpled texture on the cast iron surface for its applica-
tions in automotive engine parts, and investigated the effect of
the circular texture with ﬂat bottom on the friction reduction
during hydrodynamic sliding at different contact pressures and
speeds. They concluded that the effect of aspect ratio of texture
shape on the friction reduction is dominant while the texture
density has a marginal inﬂuence. Fabricated by laser surface
texturing technique, Cho and Choi [16] optimized the circular
texture patterned surface by varying the texture density and the
texture depth and experimentally evaluated its performance in
terms of reduction of the friction using pin-on-disk sliding
tests. They reported that the friction of the textured surface
decreases regardless of the texture density and the aspect ratio
(i.e. diameter to depth ratio) and the optimum texture density
and the depth for all the sliding conditions studied were found
to be 25% and 25 mm, respectively.
Micro-textured patterns were applied on the artiﬁcial hip/
knee joint components such as the metallic femoral head and
found to reduce the friction and wear on the articulating
surfaces, thus increasing the useful life of the implants. For
instance, Chyr et al. [17] numerically and experimentally
investigated the spherical texture patterns on Co–Cr femoral
head and the sliding against UHMWPE cup in hydrodynamic
lubrication condition showed that the textured head reduced
the friction and maximizes the load bearing capacity as
compared to the smooth head. Using an optimization design
model employed on an elliptical shape texture, Ma and Zhu
[18] showed that the optimum texture diameter and depth are
Fig. 1. Deﬁnition of slider surfaces with texture.
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the load becomes smaller. In addition, similar to the dimples,
surface texturing in terms of grooves on the surface (e.g.
parabolic, rectangular, and triangular shapes) was studied by
researchers, e.g. Ji et al. [19] and it was shown that the groove
shape, groove density, groove depth and groove orientation
have an obvious inﬂuence on the friction coefﬁcient while the
groove width is found to have the less effect. Starting with an
arbitrary shape with the aid of sequential quadrilateral pro-
gramming, Shen and Khonsari [20] studied the optimization of
the texture shape under unidirectional and bidirectional sliding
and found that the optimum shape for unidirectional and
bidirectional sliding becomes the chevron and the trapezoid-
like shapes, respectively, and provides a greater load carrying
capacity (i.e. the ﬁlm pressure), as compared to the regular
shapes, e.g. circle. However, the optimum shapes are valid
when the area ratio is of about 30% and the beneﬁts disappear
when the area ratio is higher than 30%.
Very recently, Zhang et al. [21] reported that square texture
pattern exhibits the best hydrodynamic effects, followed by the
triangle, circle and rectangle. It was shown that when the apex
of the triangle texture is aligned with the ﬂuid ﬂow direction,
the converging wedge effect is maximized, resulting in an
increase of hydrodynamic pressure lift and the decrease of
friction. Syed and Sarangi [22] investigated the orientation
effect on triangular and elliptical shapes and reported the
similar observations.
It is clearly evidenced from the above literature review that
the tremendous research effort has been made to realize the
beneﬁts of surface texturing in reducing the friction and
increasing the pressure lift or load bearing capacity. The effect
of different geometric parameters of the texture including
shape, geometry was studied in both compressible and non-
compressible hydrodynamic lubrication conditions, and the
optimum geometries were achieved showing the overwhelm-
ing beneﬁcial effects in different slider bearing applications.
Very importantly, most of the studies in literature focused only
on the basic regular shapes and attempted to optimize their
geometries to achieve the best lubrication performance. It canbe expected that there would be a new texture shape that may
supersede the current basic shapes. To the best knowledge of
the authors, however, there is no study so far focusing on a
new texture shape different from basic regular shapes and its
optimization to leverage the potential beneﬁts.
To address the above, this paper proposes a new ‘star-like’
texture shape by utilizing the converging wedge effect of the
triangular shape. Parametric study by varying different geo-
metries of the new shape was performed to evaluate the
lubrication performance in terms of the ﬁlm pressure and the
friction coefﬁcient. The shape was then optimized and
compared with the basic regular shapes to justify the efﬁcacy
of the proposed shape.
2. Materials and method
2.1. Numerical modelling
The mechanical bearing sliders considered in this paper are
schematically illustrated in Fig. 1(a). It is composed of a
stationary textured wall and a moving smooth wall with a
relative speed U in the x-direction. The textured surface
consists of an array of micro-dimples, as shown in Fig. 1(b).
Each surface texture is assumed to be located at the centre of
an imaginary square cell of sides 2r1 2r1, whereby, the
centre of the imaginary square cell is the origin of the
Cartesian coordinates (x,y). A Newtonian viscous ﬂuid ﬁlm
separates the slider surfaces with a constant ﬁlm thickness of
ho and a viscosity of μ. Each texture is assumed to have a
depth from the top surface and the maximum texture depth is
indicated as hT (see Fig. 1(a)). Therefore, the ﬁlm thickness for
the texture varies along the imaginary cell and is given by:
h x; yð Þ ¼
ho out side the surface texture
hoþhT inside the surface texture
(
ð1Þ
The following assumptions are made for the theoretical
model: (a) the lubricant is Newtonian and incompressible and
its properties are constant throughout the slider contacts, (b)
Table 1
Operating conditions considered in this study.
Parameter Value
Imaginary cell length (2r1) 100 mm
Minimum ﬁlm thickness (ho) 0.1 mm
Ambient pressure (Po) 0.1 MPa
Cavitation pressure (Pc) 0.05 MPa
Fluid viscosity (m) 0.0025 Pa s
Sliding speed (U) 1.5 m/s
Maximum texture depth (hT) 5 mm
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is no slip at the boundaries and (d) the ﬂuid ﬂow is laminar.
The hydrodynamic lubrication regime is assumed to exist
between the surfaces and no asperity contacts between the
surfaces are assumed; therefore, no squeeze effect is consid-
ered in this study. With these assumptions, Reynolds equation
is valid for the mechanical bearing couple modelling and its
steady-state two-dimensional form [23] can be expressed as:
∂
∂x
h3
∂P
∂x
 
þ ∂
∂y
h3
∂P
∂y
 
¼ 6μU ∂h
∂x
ð2Þ
where, x and y represent the global Cartesian coordinates, h is
the local ﬁlm thickness, P is the local ﬁlm pressure. In this
study, the effect of texture geometric shape and orientation is
studied by estimating the ﬁlm pressure and the friction
coefﬁcient over a single imaginary cell because the introduc-
tion of a pattern of dimples or textures on the entire bearing
surface will provide qualitatively a similar trend [24]. By
specifying the ﬁlm thickness distribution, the operating para-
meters and the appropriate boundary conditions, Eq. (2) can be
solved for the pressure distribution over the imaginary square
unit cell.
At the surface texture boundary, the cavitation condition
was approximated using Reynolds conditions, with the
assumptions that the pressure gradient with respect to the
direction normal to the boundary is zero and the pressure
inside the cavitation is approximately zero. The Reynolds
equation was solved using a ﬁve point grid ﬁnite difference
method [12]. The discrete form of the Reynolds equation was
solved using the Successive Over Relaxation (SOR) Gauss-
Seidel iterative method, in which, the ﬁlm pressure at each
node was computed with an over relaxation factor, ℶ, of 1.6, as
Kango et al. [25] reported ℶ to be between 1.5 and 1.85, to
accelerate the convergence. The convergence of the solution
was checked with the relative error criterion, α, with the
maximum variation in the average ﬁlm pressure between two
successive iterations to be less than 105.
To determine the suitable square grid size or the number of
nodes per imaginary cell, we have performed a mesh con-
vergence study. We varied grid size from 10 10 (¼100
nodes/cell) up to 150 150 (22,500 nodes/cell). For each grid
size, we have estimated an average ﬁlm pressure and ﬁlm
thickness across the cell after achieving the convergence at
each node via a series of iterations. It is found that the ﬁlm
pressure and ﬁlm thickness ﬂuctuate a lot at lower grid size.
However, after the grid size of 100 100 up to 150 150,
both become stable and the maximum ﬂuctuation is found to
be less than 0.04%, which is signiﬁcantly small and can be
considered negligible. As, higher the grid size, higher the
computational cost. For instance, with the grid size of
150 150, it takes an average computational time of 370
seconds per iteration, as opposed to 80 seconds for the grid
size of 100 100. As the grid size more than 100 100 does
not provide any improvement in the accuracy of the results, the
grid size of 100 100 is chosen in the numerical analysis
presented in this paper. It must be noted that mesh conver-
gence has been checked for texture shapes with differentgeometries and it is found that a grid size of 100 100 is
sufﬁcient to achieve the convergence while offering the
acceptable accuracy. The key operating parameters used are
shown in Table 1 and were kept constant throughout the study.
Since initial ﬁlm thickness and the sliding speed considered are
small, it is assumed that laminar or streamline ﬂow will prevail
at the interface [26]. Furthermore, in this study, we have
considered a fairly small minimum ﬁlm thickness (of 0.1 mm)
because it is reported that, in hip and knee implants, the
bearing surfaces experience minimum ﬁlm thickness of as low
as about 0.1 mm or even lower [27], in which, surface texturing
on bearing components such as cup or head is often applied to
increase further the ﬁlm pressure or reduce the friction.2.2. Deﬁning basic texture shapes
Initially, four basic texture shapes – circle, ellipse, triangle
and chevron, with ﬂat bottom proﬁle were considered to
determine the shape which inﬂuences the most the lubrication
performance. The geometric deﬁnition of the shapes along
with the expressions of surface texture density, Sp and
equivalent spacing between two slider surfaces, is shown in
Table 2, in which, rp is the equivalent radius of the texture. For
each texture shape, ﬁlm pressure, ﬁlm thickness and friction
were estimated as a function of surface texture density, Sp. Sp
is deﬁned as the ratio between the area of texture and the area
of imaginary square cell. As the texture size gets bigger, Sp
increases. Maximum Sp occurs when a side or edge of the
texture touches the boundary of imaginary square cell. Note
that based on the analysis of results of basic shapes, a new
‘star-like’ texture shape is proposed, which will be described in
Section 4.3. Simulation results of basic texture shapes
Tribological performance of four basic shapes with ﬂat
bottom proﬁle at a constant texture depth of 5 μm are
simulated and compared. The aim of this analysis is at ﬁrst
to ﬁnd out the optimum basic shape with an aim to maximize
ﬁlm pressure and minimize friction coefﬁcient. The geometry
of the optimum basic shape will then lead us to design the
proposed texture shape which will outperform all the basic
shapes. Fig. 2 shows non-dimensional average ﬁlm pressure
Table 2
Geometric deﬁnition of basic four textures.
Shape Texture density Sp Equivalent spacing equation
Sp ¼
πrp2
4r12 h x; yð Þ ¼
h0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2þy2
p
orp
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shapes. Non-dimensional average ﬁlm pressure is deﬁned as
the ratio between the average of local ﬁlm pressure across the
cell and the atmospheric pressure. Plots to the right side of Fig.
2 shows representative three-dimensional (3D) proﬁles of the
pressure distribution along with the direction of sliding
velocity with respect to the orientation of texture. As can be
seen from Fig. 2, the triangle exhibits the highest ﬁlm pressureamong all. For the triangular shape, the ﬁlm pressure increases
with the increase of texture density; while it decreases for other
shapes. The highest non-dimensional ﬁlm pressure for the
triangle reaches up to 7.75 at its maximum texture density of
0.8. This is due to the converging wedge effect of the triangle.
As the sliding direction is towards the apex of the triangle, the
ﬂuid ﬂow converges to the apex, hence resulting in an increase
of hydrodynamic ﬁlm pressure and separating two slider
Fig. 2. Comparison of non-dimensional average ﬁlm pressure between circle, ellipse, triangle and chevron.
Fig. 3. Comparison of friction coefﬁcient proﬁle between circle, ellipse,
triangle and chevron.
0
1
2
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8
Fig. 4. Comparison of non-dimensional average ﬁlm pressure proﬁle at surface
texture density of 0.8.
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which reported that negative triangle texture orientated along
the direction of sliding showed the highest load bearing
support. In contrary, such sharp converging effect is not
existed in other texture shapes due to their inherent geometric
characteristics.
One of the key indicators of the tribological performance
due to texturing is the friction coefﬁcient. Reducing the friction
is thus considered the main focus to improve tribological
characteristics of the sliding components (e.g. hip bearing
couples). Fig. 3 indicates the friction coefﬁcient (f) proﬁles
with the texture density. As can be seen from Fig. 3, the
friction coefﬁcient decreases slightly or maintains at a steady
state level with the increase of the texture density. Interesting,
the friction coefﬁcient for the ellipse is signiﬁcantly high at
lower texture density (o0.2) and starts to decrease as the
texture density increases and remains unchanged at the texturedensity between 0.5 and 0.8. More importantly, the triangular
shape exhibits the lowest friction coefﬁcient among all the
shapes at the texture density between 0.6 and 0.8. Higher
texture density appears to be more beneﬁcial in improving
tribological performance. This clearly implies that as the ﬁlm
pressure increases, the friction coefﬁcient decreases. The
underlying mechanism for the decreased friction coefﬁcient
can be attributed to the similar reasons for the increased ﬁlm
pressure. Moreover, the results are hence quite in lined with
the observation of Fig. 2.
As is observed from the above analysis, maximum ﬁlm
pressure and minimum friction coefﬁcient occurs at higher
texture density. Therefore, for the given sliding direction with
respect to the texture orientation, we further compared the
performance at maximum texture density of each shape. Figs.
4 and 5 show non-dimensional average ﬁlm pressure and
friction coefﬁcient proﬁles at texture density of 0.8, respectively.
00.01
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0.04
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0.06
0.07
0.08
0.09
0.1
Fig. 5. Comparison of friction coefﬁcient proﬁle at surface texture density
of 0.8.
Fig. 6. Deﬁnition of the proposed ‘star-like’ texture shape (i.e. 5-pointed star
texture).
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about 39.46%, 38.48% and 24.29% increase in ﬁlm pressure, as
compared to ellipse (Pa¼5.65), chevron (Pa¼5.69) and circle
(Pa¼6.34), respectively. Similar to the ﬁlm pressure, the
triangle offers a signiﬁcant reduction in the friction coefﬁcient
(see Fig. 5). For instance, the triangle (f¼0.0068) exhibits about
92.42%, 66% and 59.52% reduction in the friction coefﬁcient,
as compared to the ellipse (f¼0.093), circle (f¼0.02) and
chevron (f¼0.017), respectively. All the above results indicate
that with the given boundary conditions and parameters
considered in this study, the triangle is shown to be the best
texture shape which provides maximum ﬁlm pressure and
minimum friction.4. Proposed ‘star-like’ texture shape
From the discussion in the previous section, it is revealed
that the triangle offers the best lubrication performance among
all four basic texture shapes. Using the beneﬁcial effect of
triangle geometry, we propose a new shape called ‘star-like’
texture shape, which consists of a number of apex points or
triangular corners spaced at equally to each other. It is
expected that, with having more triangles, the converging
wedge effect of ﬂuid ﬂow toward the apexes or the corners of
the triangle will be further boosted, thus signiﬁcantly increas-
ing the ﬁlm pressure or load bearing support and reducing the
friction between the sliding surfaces. Fig. 6 shows an example
of ‘star-like’ texture, in which, θ is deﬁned as the apex angle of
the corner, rp is equivalent radius, γ is the orientation angle w.
r.t. x-axis. (x–y) is the Cartesian coordinate system and the
origin of which is located at the centroid of the texture. γ is
zero when the x-axis passes through the apex of a triangle. It
can be noted that the texture density of the proposed shape will
increase with the increase of the number of apex points and
decrease of apex angle, thus affecting the tribological perfor-
mance. In order to determine the efﬁcacy of the texture
performance, the effect of texture geometries – the number
of corner or apex points, the apex angle, and the orientation
angle w.r.t. the sliding velocity on non-dimensional ﬁlm
pressure and friction coefﬁcient is investigated.By using a mesh size of 100 100 nodes and following the
numerical modelling approach (as described in Section 2), star-
like texture shapes with ﬂat bottom proﬁle at a maximum
texture depth of 5 mm are simulated and compared.5. Simulation results of ‘star-like’ texture shapes
5.1. Effect of the number of apex points
The effect of the number of apex or corner points on the ﬁlm
pressure was investigated. Fig. 7 shows the ﬁlm pressure
distribution proﬁles of 3–7 pointed star-like textures at the
apex angle θ¼151 and the orientation angle γ¼01. It is seen
that 4-pointed start texture reveals the highest hydrodynamic
pressure as compared to all other shapes. The ﬁlm pressure of
3, 4 and 7-pointed star shapes decreases as the texture density
increases, while that of 5 and 6-point starts to increase after the
texture density of about 0.2. Moreover, it is also clear that after
the texture density of 0.6, the change of the ﬁlm pressure is
minimal; in other words, the ﬁlm pressure tends to remain
approximately unchanged with the increase of the texture
density. It appears that the increase of the number of the apex
points of more than 4 does not necessarily increase the ﬁlm
pressure; instead starts to decrease. One possible reason would
be that having more number of apex points increases the
effective texture area which causes the ﬁlm pressure to
decrease. It may be possible that if a single apex of the
triangle is aligned along with the ﬂuid ﬂow direction, the
wedge effect is signiﬁcant enough to lift the ﬁlm pressure.
Fig. 8 shows the friction coefﬁcient proﬁle of 3 to 7-pointed
star-like textures at the apex angle θ¼151 and the orientation
angle γ¼01. Overall, the friction coefﬁcient decreases with the
increase of the number of apex points. Interestingly, it is however
to be noted from Fig. 8 that the 6-pointed texture exhibits the
lowest friction coefﬁcient among all other star-like textures. The
result is quite in contradictory to the ﬁlm pressure proﬁle shown
in Fig. 7. However, such result would be attributed to the fact that
Fig. 7. Effect of the number of apex points on non-dimensional average ﬁlm pressure at the apex angle θ¼151 and the orientation angle γ¼01.
Fig. 8. Effect of the number of apex points on the friction coefﬁcient at the apex angle θ¼151 and the orientation angle γ¼01.
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number of the apex points increases, thus reducing the friction.
5.2. Effect of the apex angle
In this study, the effect of apex angle on the ﬁlm pressure and
friction was investigated. As 6-pointed texture appears to reduce
the friction signiﬁcantly, we varied the apex angle θ for a 6-
pointed texture at an orientation angle γ of 01. Fig. 9 shows non-
dimensional average ﬁlm pressure with respect to the apex angle.
It is seen that the apex angle has insigniﬁcant effect on the ﬁlm
pressure until the texture density of 0.5. However, the ﬁlm
pressure increases notably with the increase of the apex angle
after the texture density of 0.5. It is clear that higher texture
density and the apex angle essentially increase the converging
wedge effect, causing the increase of the ﬁlm pressure. However,it can be further hypothesized that the texture density would
probably have a more dominant inﬂuence, than the apex angle, as
the larger apex angle means the wider approaching area for the
ﬂuid ﬂow towards the apex point and hence resulting in a lesser
triangular converging effect. The friction coefﬁcient proﬁles
follow the same trend of the ﬁlm pressure, as can be seen in
Fig. 10, and the underlying mechanisms would be explained by
the same reasons. For all the orientation angles, the friction
coefﬁcient is found to be minimum at the texture density of 0.4.
5.3. Effect of the orientation angle
Further, the inﬂuence of the texture orientation was inves-
tigated, in which, a 6-pointed star texture at the apex angle
θ¼151 was studied by varying the orientation angle γ between
301 and 901. The orientation angles of more than 901 were not
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Fig. 9. Effect of the apex angle on non-dimensional average ﬁlm pressure for a
6-pointed start texture at the orientation angle of 01.
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Fig. 10. Effect of the apex angle on the friction coefﬁcient for a 6-pointed start
texture at the orientation angle of 01.
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Fig. 11. Effect of the orientation angle on non-dimensional average ﬁlm
pressure for a 6-pointed star texture at the apex angle θ¼151.
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Fig. 12. Effect of the orientation angle on the friction coefﬁcient for a
6-pointed star texture at the apex angle θ¼151.
M.S. Uddin, Y.W. Liu / Biosurface and Biotribology 2 (2016) 59–69 67studied as they will resemble the same effect in a cyclic
manner. Only three texture density of 0.1, 0.15, and 0.2 were
considered. Figs. 11 and 12 illustrate non-dimensional ﬁlm
pressure and friction coefﬁcient proﬁles, respectively. It can be
seen that the orientation angle of 601 shows the highest ﬁlm
pressure while the friction coefﬁcient is negligibly affected by
the orientation angle. It is expected that at the orientation of
601, more apex points are orientated towards the ﬂuid follow
and the converging wedge effect is further increased, hence
increasing the pressure lift. Interestingly, both ﬁlm pressure
and friction coefﬁcient follow the same trend qualitatively and
quantitatively at the orientation angle of 301 and 901. Overall,
the ﬁlm pressure and the friction coefﬁcient, however, tend to
slightly decrease with the texture density.5.4. Optimization and comparison of ‘star-like’ shape with
basic texture shapes
Results of ﬁlm pressure and friction coefﬁcient obtained
from parametric study are compared with four basic texturesshapes (circle, ellipse, triangle and chevron) and a search for
the optimum texture shape is attempted. It is quite difﬁcult to
decide the optimum star-like texture as the best performance in
terms of maximum ﬁlm pressure and minimum friction
coefﬁcient does not occur at the same optimum texture
geometry. However, as friction is often considered as the
key indicator of lubrication performance of the sliding
contacts, we aim to optimize the texture shape based on the
analysis of friction coefﬁcient results. Accordingly, a 6-pointed
texture at texture density of 0.4 is apparently found to be the
optimum shape and the apex angle θ of 151–601 and the
orientation angle γ of 301–901 can be carefully selected. In
order to further validate the effectiveness of the new texture, as
a representative, we therefore have compared the friction
coefﬁcient of 6-pointed texture at the apex angle θ of 151
and the orientation angle γ of 601 with that of four basic shapes
at texture density of 0.4. Fig. 13 shows a comparison of
friction coefﬁcient proﬁle. It can be seen that though it is
marginal, an improvement in friction reduction with 6-pointed
star-like texture over the triangle shape is evident. For instance,
the new optimum star-like texture reduces the friction coefﬁ-
cient by 80%, 64.39%, 19.32% and 16.14%, as compared to
ellipse, chevron, triangle and circle, respectively.
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Fig. 13. Comparison of the friction coefﬁcient between the optimum 6-pointed
star texture with four basic shapes at texture density of 0.4.
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more triangular geometries increase hydrodynamic pressure lift
and minimize friction coefﬁcient. As the new texture is
geometrically simple in shape, it can be easily and accurately
fabricated by the available manufacturing techniques, e.g. laser
texturing. Hence the texture shape can be regarded as a
potential texture candidate over the regular basic texture
shapes to be used in the slider bearing surfaces such as
mechanical seals, cylinder liner contacts, hip and knee bearing
components to improve tribological performance and hence to
increase service life of products.
5.5. Discussion
Surface texturing still remains a feasible technique to
enhance contact performance in terms of increasing ﬁlm
pressure and thickness, and reducing friction and wear. A
surface texture is generally characterized by its shape (base
shape and internal structure), size (base dimensions and depth)
and orientation (in the case of asymmetric texture) with respect
to sliding direction. For given boundary conditions, the
performance of texture is inﬂuenced by these parameters. Past
research has demonstrated the beneﬁts of textures in various
sliding contacts [28]. Optimization of texture is often thus
carried out to explore further improvement in tribological
performance. With this, our study has shown a new star-like
texture by combining overwhelming hydrodynamic effect of
the triangle texture. It is clearly shown that a texture can
carefully be changed or optimized to any shape in order to
achieve the best tribological performance over regular texture
shapes (e.g. circle, ellipse). This has been evidenced for
different types of star-like texture presented in this paper. In
addition, for the given texture shape, by changing texture
density to a maximum level, it is possible to maximize ﬁlm
pressure and to minimize friction at the interface. The results
are consistent with ﬁndings of others [29,30].Therefore, texture
density is often regarded as one of the inﬂuencing factors in
texture optimization. However, texture density cannot practi-
cally be 100% or 1 as it reduces gap between textures, thus
leading to stress concentration, weakening the surface, espe-
cially, at textures with shape geometries, e.g. corners. Inter-
estingly, our results show that 6-point star-like texture exhibitsthe highest reduction in friction when texture density of 0.4.
This indicates that having more triangular steps along ﬂuid
ﬂow result in more hydrodynamic effect at even lower texture
density. However, it must be noted that increasing more
triangular corners on star-like texture does not necessarily
improve the performance. In other words, the apex angle is
reduced by increasing more triangular corners and small apex
angle does not provide any micro-step converging effect, thus
limiting overall beneﬁt of texture.
There are a number of limitations that may impact the
current study presented in this paper. The parametric study of a
new texture shape considered a constant texture depth, applied
loading, sliding speed in numerical modelling. The variation of
these parameters however may inﬂuence the ﬁlm pressure and
friction coefﬁcient results, and so does the optimum texture
geometry obtained. This study focused on numerical modelling
of a single texture within an imaginary square cell. Experi-
mental validation is needed to justify the performance of the
new shape as well as the underlying numerical modelling
approach. It must be noted that with the given boundary
conditions and parameters considered in the present numerical
modelling, the results would be qualitatively valid and
accurate. Translation of the results into new conditions may
be explained with cautions. For instance, when surface rough-
ness and very thin initial ﬁlm thickness are considered,
assumptions around using Reynold's equation may be dis-
rupted, and adjustments in boundary conditions of numerical
modelling are required. Therefore, it can be emphasized that
future studies should take all these important parameters into
account in the modelling to infer comprehensively the perfor-
mance of the new texture shape.
6. Conclusions
This paper presents a study of a new star-like surface texture
for the improvement of hydrodynamic lubrication performance
of parallel slider bearing surfaces. Using numerical modelling
approach implemented via ﬁnite difference method, a para-
metric study was performed to investigate the effect of various
geometries on the ﬁlm pressure and the friction coefﬁcient,
followed by a search for optimum design of the new texture
shape. The results were compared with traditional four basic
shapes. The following are the key conclusions drawn from the
study.
 Preliminary results of four basic texture shapes indicate that
the triangle texture outperforms among all in increasing the
ﬁlm pressure and reducing the friction coefﬁcient.
 Using the beneﬁcial triangular effect, a new ‘star-like’
texture shape consisting of a series of small triangles is
proposed, with an expectation that the lubrication perfor-
mance will be further boosted due to more converging
wedge effects of the triangles.
 The number of apex points of the new ‘star-like’ texture has
signiﬁcant effect on the ﬁlm pressure and the friction
coefﬁcient, as compared to the apex angle and the
orientation angle.
M.S. Uddin, Y.W. Liu / Biosurface and Biotribology 2 (2016) 59–69 69 A 6-pointed texture at a texture density of 0.4 is shown to
be the optimum shape.
 The new optimum star-like texture reduces the friction
coefﬁcient by 80%, 64.39%, 19.32% and 16.14%, as
compared to ellipse, chevron, triangle and circle, respec-
tively. This indicates the potential beneﬁt of the proposed
new shape in further enhancing the hydrodynamic lubrica-
tion performance of slider bearing contacts.
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